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ABSTRACT i

| SR ! i

High molecular weight, amorphous, partially substituted polyacctylcnes (poly-RCO'I') have
been prepared using the ring-opening metathesis polymerization of substituted cyclooctetraenes.
Spin-cast films of these polymers yielded unusually sharp, well-defined, reversible
electrochemistry for oxidative and reductive doping processes. As the substituent on the polymer
chain was varied (R = alkyl, tert-butoxy, trimethylsilyl, and p-X-phenyl), the potentials for
oxidative and reductive doping changed by 0.3 V. In addition, the separation between the
oxidative and reductive doping processes varied from 1.66 V to > 2.0 V. Coulometry suggested
that the reversible doping step represented a transfer of 1 electron for every 13-15 double bonds of
the polymer. In contrast, the electrochemistry of predominantly- cis poly-RCOT films was
irreversible, and indicated the presence of an electrochemical cis-trans isomerization on the first
voltammetric sweep through either reductive or oxidative doping. Spectroelectrochemical studies
indiéated that the electrochemically doped poly-RCOT materials (R=sec-butyl, (CH3)3Si)
possessed mid-gap transitions at energies of 0.8-0.9 eV. The redox chemistry of the soluble,
poly-RCOT (R=sec-butyl, (CH3)3Si) species in CH»Cl; solution was also investigated.
Voltammetric studies showed that both the reductive and oxidative doping processes were




chemically irreversible, and indicated that the dissolved polymers were electroactive over a wide

range of potentials.
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I. INTRODUCTION

There is intense interest in the synthesis of highly conjugated organic polymers.!-3 Most
recently, attention has focused on the synthesis of conjugated polymers that are soluble in common
organic solvents.* Processable, soluble, electrically conducting polymers might be useful in a
variety of novel optoelectronic devices,”-10 such as polymer-based field effect transistors and
polymer-based Schottky diodes.!!-13 However, at present, very few reactions produce polymers
with the desired combination of chemical and electronic properties.

One approach to this problem involves the synthesis of substituted polypyrrole and
polythiophene derivatives.14-17 In principle, the polymerization of substituted acetylenes should
provide an even simpler synthetic route to processable, conjugated polymers. Such polyenes often
are soluble, but generally do not have long ®t-conjugation lengths.!8-20 To address this issue,
Grubbs and co-workers have recently prepared a family of substituted poly-cyclooctatetraenes
(poly-RCOT) using a ring-opening metathesis polymerization (ROMP) route (Scheme 1).21-26
These polyacetylene-like polymers exhibit the desired combination of solubility in organic solvents
and long n-conjugation lengths. Additionally, they can be doped to yield polymers with high
electrical conductivities. This set of materials is the topic of the spectral and electrochemical studies
reported in this work.

One of the desirable features of the poly-RCOT: is the relatively large average distance
between substituent groups (i.e., one substituent per eight chain carbons). For example, in poly-
sec-butylCOT and poly-(CH3)3SiCOT, the polymer is soluble even in the predominantly-trans
configuration, yet the steric hindrance is not sufficient to impede extensive planarity between units
in the polymer chain. The factors that inﬂucn;e this solubility vs. conjugation length tradeoff have
been discussed elsewhere,222327 and are not the major topic of this investigation. However, the
availability of this new class of polymers provides an opportunity to investigate several important
questions regarding the thermodynamics and electronic structure of substituted conducting polymer
systems. Thus, the work described below is focused on the electrochemistry,

spectroelectrochemistry, and electronic structure of these unique materials.
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One of the key unanswered questions for conducting polymer systems is how the
electrochemistry and electronic structure of polymer films differ from that of polymers in
solution.?8-3! Variations in the interactions between the polymer chains, and the restricted
conformational mobility of polymer chains in the solid state, could both produce differences
‘between polymer films and solutions of polymers. The availability of soluble polyacetylene
derivatives presents an opportunity to explore these questions in detail. Recent spectroscopic
studies of soluble polythiophenes have reported optical transitions that are similar to those of bulk
polythiophenes.32 However, in the case of poly-RCOTs, we have obtained evidence that the
analogy between dissolved polymer strands and polymer films is not general. In particular, we
have observed that soluble poly-RCOTs show a voltammetric response which differs from that of
thin poly-RCOT films.

Another issue of interest is how closely the physical and electronic properties of poly-
RCOT: resemble those of polyacetylene. Although the structures of poly-RCOT' are closely
related to substituted acetylene polymers, it is not obvious that the two different polymerization
methods will yield materials with comparable physical and electronic characteristics. Prior optical
studies of poly-RCOT systems have shown similar electronic absorption bands to those observed
in polyacetylene.33 In addition, oxidatively doped poly-RCOT films have exhibited high electrical
conductivities, with values in the range of 0.03-50 S-cm.24 Notably, these values are only 1 to 2
orders of magnitude below the highest electrical conductivites reported for polyacetylenes. At
present, however, no other data are available to provide a basis for comparison of these materials.

The electronic structure of poly-RCOT films is also of interest with regard to polymer-
based optoelectronic devices and chemical sensors. To vary the solubility, optical, and electronic
properties of conducting polymers, electron-donating or electron-withdrawing substituents have
often been introduced onto the polymer backbone. In this strategy, both steric and electronic
effects of the substituent are expected to be important in determining the energetics of polymer
doping.3.21-26 This type of approach has been used successfully to modify the properties of
polypyrroles and polythiophenes. However, it is not yet known whether the introduction of
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substituents will significantly affect the doping properties of poly-RCOTs. The desired
information can be obtained from the electronic and electrochemical measurements reported herein.
II. EXPERIMENTAL

A Materials

Acetonitrile (Aldrich HPLC grade) was distilled from CaHj, and was stored in Na(g) over
3 A molecular sieves. Methylene chloride (Burdick and Jackson high purity grade) was distilled
from P20s, and tetrahydrofuran (THF) was vacuum transferred from a solution of the potassium
benzophenone dianion. Electrometric grade tetra-(n-butyl)-ammonium tetrafluoroborate (TBABF;)
(recrystallized from 3:1 by volume water:methanol), tetracthylammonium tetrafluoroborate
(TEABF,) (recrystallized from 5:1 by volume ethyl acetate:pentane), and tetramethylammonium
tetrafluoroborate (TMABFy) (recrystallized from acetone) were used as electrolytes, and were
purchased from Southwestern Analytical Chemicals Inc.. After recrystallization, these electrolytes
were dried by heating to 80°C for >36 hours in vacuo. All solvents and electrolytes were stored in
a Vacuum Atmospheres dry box that was filled with Na(g).

Monosubstituted COT monomers?7 and the tungsten alkylidene catalyst34 were synthesized
as reported previously. The substituted COT monomers, which were mildly air sensitive, were
purified by distillation at reduced pressure. The monomers were then stored in a dry box at -20 °C.
The neat RCOT monomers were then polymerized in a dry nitrogen atmosphere, as described
previously.2-23.26 [n this work, the tungsten carbene complex W(CHAr)(NPh)(OR¢)2(THF).
with Ar = 0-CgHy-OCHj3 and OR¢ = OC(CH3)(CF3); was used as the ROMP catalyst.35 The
resulting polymers were treated as air- and moisture-sensitive compounds.

For quantitative electrochemical experiments, special care was taken to end-cap the
polymers. Impurities were washed away from this end-capped material, and volatiles were then
pumped off the purified polymer. In a typical procedure (performed in the dry box), 10.3 mg
(1.24 x10-5 mol) of the tungsten carbene metathesis catalyst was dissolved in a small volume (100
uL) of olefin-free pentane. This solution was then mixed with neat sec-butylCOT (0.300 g,

1.87x10-3 mol). Within minutes at ambient temperature, the mixture became viscous, and its color
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changed from orange-yellow to dark brown-red. After two hours, the mixture had solidified, and
the dark brown-red polymer film was then manually peeled from the reaction vessel. This
procedure produced one continuous piece of polymer film. To end-cap the polymer, the film was
dissolved in a benzene solution (20 mL) that contained a small amount of benzaldehyde (50 uL.).
After stirring for one hour, the solvent and end-capping agent were removed under vacuum. In an
inert atmosphere, the resulting polymer film was then washed repeatedly with pentane and
methanol.

Except where otherwise specified, the purified polymer film was then deliberately
converted to the predominantly-rans configuration. To achieve this conversion, the polymer film
was dissolved in tetrahydrofuran (1-2 mg polymer/mL THF solution) and was poured into a Pyrex
tube sealed with a Teflon screw cap. The solution was maintained at 0 °C and was illuminated,
through a Pyrex filter, by the light from a 350 watt medium-pressure Hanovia mercury lamp.
After approximately two hours of illumination, the visible absorption spectrum of the polymer had
stopped changing, and displayed a single peak with Ayax = 555 nm. At this point, the
isomerization was judged to be complete. In some instances, the isomerization reaction was
allowed to occur spontaneously by stirring THF/polymer solutions for 5-10 days in the dry box.
After either isomerization procedure, the solvent was then removed from the polymer solution by
pumping under vacuum. Before use, the dry film was maintained for at least 3 days under a
vacuum of 1 mTorr.

B. __ Electrochemical Measurements

All electrochemical measurements were performed under N2(g) in a Vacuum Atmospheres
dry box. Cyclic voltammetry was performed using a 3-clectrode configuration in a 1-compartment
cell. A typical reference electrode was a silver wire immersed into a CH3CN-0.1 M TBABF;-
AgNOj solution, and contact between the reference compartment and working electrode
compartment was achieved with a Vycor glass junction. The reference electrode was regularly
calibrated against the ferrocene (Fc)/ferrocenium couple (CH3CN, 0.1 M TBABF,). For

consistency between different experiments, all potentials were converted to the standard calomel
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electrode (SCE) scale using a value of E%'(Fc+/Fc) =0.420 V vs. SCE. Electrochemical
measurements were performed using a Princeton Applied Research Model 173 potentiostat, Model
175 voltage programmer, and Model 179 digital coulometer.

Polymer-modified electrodes were prepared by depositing several microliters of a
polymer/THF solution (0.3-0.5 mg polymer/mL THF) onto a 5.5 mm diameter glassy carbon disc.
The THF was then allowed to evaporate, leaving a thin polymer film (0.2-0.5 um in thickness, as
measured by profilometry) for use in electrochemical experiments. Unless otherwise stated, the
solutions were made with polymer that had been isomerized to the thermodynamically preferred,
predominantly-trans configuration. '

Microelectrode voltammetry was carried out using a platinum disc microelectrode of radius
4.23 um (Bioanalytical Systems Inc.). These measurements were performed in the dry box using
shielded cables. For measurement of the small currents obtained from microelectrodes, a Keithley
Model 427 current amplifier was used in conjunction with the Princeton Applied Research Model
173/175 potentiostat/programmer.

Spectroelectrochemistry was performed in a homemade 3-compartment cell. In this cell,
electrochemistry was performed in a 3-electrode configuration, with a fritted disk isolating the
auxiliary electrode from the main cell compartment. The optically transparent electrode was a glass
slide that had been coated with InpO3. To complete the spectroelectrochemical cell, this slide was
then inserted into a standard 1.00-cm path length optical cell. For visible spectroscopy, the entire
assembly was then mounted into a Hewlett Packard Model 8452 diode array spectrometer. For
spectroscopy in the near infrared region of the spectrum, the cell was inserted into a Cary-14
spectrometer that had been modified with an Olis-4300S System.

Before spectroelectrochemistry, polymer films were cast or spin-coated onto the transparent
Inp0j electrode. They were then characterized electrochemically before use in the optical
experiments. After a potential step, optical spectra were only recorded after the absorption data

were independent of time.
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Electrochemical measurements on polymer films were typically performed in acetonitrile, in
the presence of either TMABF4 or TEABFj as supporting electrolyte. Unexpectedly, when the
electrolyte cation was lithium or potassium (for example, when lithium perchlorate or potassium
triflate were the electrolytes), a single cathodic doping cycle resulted in loss of electroactivity. This
is not readily understood at present, because polyacetylene films have been reductively doped in
the presence of alkali metal cations.36 However, in the presence of K+ or Li*, the electrochemistry
of all poly-RCOT films showed similar, irreversible electrochemistry at negative potentials.
Therefore, all of the quantitative results reported below were obtained in solutions where
tetraalkylammonium salts were the electrolytes. In these solutions, the voltammetry was
reproducible from scan to scan, with little chemical degradation of the polymer films during the
electrochemical experiments.

Charge vs. potential data were collected for the oxidation and reduction of poly-sec-
butylCOT and poly-(CH3)3SiCOT. Several assumptions were required, however, in order to
extract the faradaic charge from the total measured charge. For the fully doped film, the rate of
capacitive charging was taken to be the constant rate (dQcap/dV) in the plateau region of the wave.
The capacitance of partially doped films was then assumed to be linearly proportional to the charge
passed during doping. Once the charging rate for the fully oxidized film was determined, the Q vs.
V curve was broken down into small voltage increments (dV). The weighted capacitive charge
was then subtracted from the total observed charge in each interval. The adjusted charge values for
each voltage interval were then summed, and these values yielded a Q vs. V curve for the faradaic
component of the charge. This calculation was performed using a standard spreadsheet program.
Although the shape of the Q vs. V curve was affected by the voitage sweep rate, the calculated
faradaic Q vs. V data were found to be independent of sweep rate for values < 50 mV/sec. At
higher sweep rates (2100 mV/sec), the distinction between the peak and plateau regions in the Q
vs. V data was less clear. The simple charging model was therefore not used to analyze the

coulometry under these conditions.




III. RESULTS

Electrochemistry of poly-
1. Voltammetry of Thin Films

All poly-RCOT materials were found to be soluble in nonpolar solvents such as methylene
chloride, toluene, and tetrahydrofuran (THF). Due to this solubility, thin polymer films could be
prepared using standard spin-coating methods. Generally, THF was used as the solvent for the
spin-casting process. Electrochemistry on these polymer-modified electrodes was then performed
in CH3CN-TMABF;, where the polymer films were insoluble. Figure 1 displays an example of
the voltammetry exhibited by this type of polymer-modified electrode.

All poly-RCOT films exhibited prominent, well-defined faradaic currents for both the
oxidative and reductive doping processes. As expected for a surface-attached voltammetric wave,
the peak currents for both the oxidative and reductive doping processes increased linearly with
increasing sweep rate. Additionally, for both types of doping, the voltammetric peaks were
extremely sharp. In fact, typical full widths at half maximum were 50+5 mV for the charging
waves and 8015 mV for the discharging waves (at 20 mV/sec in CH3CN-TMABF; electrolyte).

At sweep rates < 50 mV/sec, the cathodic (Epc) and anodic (Epa) peak potentials were
unusually close together for a conducting polymer film. The charge/discharge peak separation
increased with increasing scan rates, as typically found for most surface-attached electroactive
films. However, even at the faster sweep rates, the waves for poly-RCOT films were unusually
closely spaced, given prior literature results for the voltammetry of other conducting
polymers,37:38

This combination of sharp peaks and small separations between Ep, and Epc implies that the
voltammetry can yield an excellent estimate of EY for the doping process. Table 1 lists the
apparent formal potentials, ((Epc+Epa)/2), obtained from the voltammetric data. Within the group
of RCOT polymers, the variation of EY' for the oxidative doping process was 0.28 V. For the
same group of polymers, E° varied by 0.37 V for the reductive doping process. This variation in




E© reflects the combined steric and electronic influence of the substituent on the ®-backbone (.
section IV.A).

Another important feature of the voltammograms is the separation between E©' values for
the oxidative and reductive doping processes. This separation varied from 1.66 V to >2.0 V in the
poly-RCOT series. Within a comparable series of poly-RCOT materials, this separation correlated
well with optical measurements of the conjugation length (Table 1).

As expected, the kinetics of charge propagation were a function of the supporting
electrolyte. In fact, the reductive charge/discharge wave was severely distorted when the
supporting electrolyte was TBABF4 (charging peak full width at half maximum = 0.20 V, and Ep,
-Epc = 0.20 V). In contrast, for TMABF;, the reductive doping wave was extremely sharp

(charging peak width at half height = 40+5 mV, Ep, -Epc < 80 mV). With TEABF; as the
electrolyte, the reductive doping wave was of intermediate width. For this reason, TMABF4 was
used when measuring E°' for the reductive doping of poly-RCOT films.

2. Coulometric Data for Doping Processes of Poly-RCOT Films

Coulometric measurements verified that doping of poly-RCOT films was chemically
reversible. For example, for two representative materials (R=sec-butyl and R=(CH3)3Si), most
(=95%) of the charge observed in the doping process was consumed on the subsequent discharge
sweep. This behavior was observed for the oxidative and reductive doping processes of the
polymers.

For conducting polymers, the doping stoichiometry cannot be obtained directly from
coulometric data. In fact, without a simplifying assumption, the total charge in such systems
cannot even be separated into faradaic and capacitive components.3942 For our polymer-modified
electrodes, the rate of charging (dQ/dV) became constant at potentials beyond the peak region of
the doping wave (Figure 2). This current was therefore assumed to approximate the charging
current of the fully doped film. Consistently, voltammetric cycling in this potential region showed

only a broad, flat capacitive current envelope. Furthermore, spectroelectrochemistry (vide infra)
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showed that potential steps within this region did not result in any change in the visible absorbance
spectrum of the doped film.

For electrodes modified with poly-sec-butylCOT, this procedure yielded values of
15.5£0.6 double bonds per electron transferred ((C=C)/e") during oxidative doping and 14.240.6
(C=C)/e- during reductive doping. For poly-(CH3)3SiCOT, similar values were obtained:

14.340.6 (C=C)/e- during oxidative doping, and 14.030.6 (C=C)/e- during reductive doping.

For comparison, polyacetylene has been doped chemically and electrochemically to a stoichiometry
of up to 0.1 dopant equivalent per chain carbon, or 5 (C=C)/e-#3> However, polyacetylene has
also been reported to exhibit a broad range of doping stoichiometries. This variation in
stoichiometry has been ascribed to variations in the crystalline morphology of the polymer phase.*
Thus, differences in doping stoichiometry between crystalline polyacetylene and the amorphous
poly-RCOT films are not surprising.

3. Electrochemical Stability of Poly-RCOT Films

The electrochemical doping/undoping of poly-RCOT films was generally chemicaily
reversible. However, the charge capacity decreased slightly after prolonged electrochemical
charging/discharging. For example, for poly-sec-butylCOT, approximately 2% of the charging
capacity was lost on each oxidative charge/discharge cycle (for sweep rates <100 mV/sec). The
films were more stable during reductive doping, but the charge capacity still decayed significanuy
after extended potential cycling. Polyacetylene is known to be highly reactive after either n- or p-
type doping;*346 thus, the lack of long-term stability of poly-RCOT films is consistent with this
reactivity. Despite this lack of long-term stability, reliable, reproducible electrochemical
information could be obtained using freshly prepared poly-RCOT films.

At sufficiently positive potentials, all of the poly-RCOT films yielded a distinct, second
oxidation process. This second anodic wave consumed much more charge than the initial oxidaave
process. Additionally, just one potential sweep through this second wave resulted in a total loss of
electroactivity (Figure 3). For most poly-RCOT films, this second oxidation process was well

separated from the chemically reversible oxidative doping process. However, for poly-tert-
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butoxyCOT, this separation was only 0.25 V. As discussed below, this voltammetric behavior is
consistent with the poor chemical stability of oxidized poly-tert-butoxyCOT films.
4. Spectroelectrochemical Characterization of poly-RCOT Films

Electrochemically doped films of poly-sec-butylCOT and of poly-(CH3)3SiCOT were also
characterized by optical spectroscopy (350 <A <2100 nm). Oxidative doping (InyO3 electrode,
E=(Epa+0..15 V), CH3CN-0.1 M TEABFj) resulted in the disappearance of the strong interband
transition in the visible region, and produced a strong transition in the near infrared (Figure 4).
Reductive doping (InyO3 electrode, E=(Epc-0.20 V), CH3CN-0.1 M TEABFy) of these films
produced similar spectroscopic changes. The near-IR spectrum obtained after oxidative doping
was broader than that observed after reductive doping, but Apax Was the same in both cases.

The Amax for electrochemically doped poly-(CH3)3SiCOT was slightly smaller than Aqax
for poly-sec-butylCOT. Furthermore, the transitions for both of these doped RCOT polymers
were at higher energy than the transition in unsubstituted, doped polyacetylene (Table 2). For
polyacetylene, intragap transitions are thought to be responsible for the electronic absorption in the
near infrared.3® Our results are also consistent with this interpretation for poly-RCOT films.

In a related experiment, spectral data were obtained as a function of the electrode potential.
Figure S displays this type of spectroelectrochemical experiment for a poly-sec-butyl COT-coated
In0; electrode. As the process proceeded, the intensity of the interband transition decreased, and
the near infrared absorptior. increased (Figure 5). In addition, the interband transition for the
neutral polymer exhibited a blue-shift in Aymax. This might indicate that polyene segments of longer
conjugation lengths were preferentially oxidized. Another possibility, however, is that the blue-
shift resulted from movement of the Fermi level in the valence band of the neutral polymer. The
Fermi level shift would be more consistent with the electrochemical measurements (vide infra), but
the preferential oxidation of certain polymer segments cannot be conclusively ruled out at present.

After repeated charge/discharge cycles in CH3CN, poly-RCOT films became nearly colorless
and lost electroactivity. During repeated oxidative charge/discharge cycles, the visible absorption of

the neutral poly-RCOT material shifted toward higher cﬁergics and lost intensity. The same changes
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were seen for the near infrared band of the oxidatively doped film. During repeated reductive
charge/discharge cycles, the visible band of the neutral film distorted, and a shoulder appeared on the
high energy side of the band. Also, the near infrared band of the reductively doped film lost
intensity and shifted slightly to higher energies. After this process, the solution was analyzed
optically, but no significant absorption in the visible or near infrared was observed.

5. Electrochemically Induced cis-trans Isomerization of poly-RCOT Films

Although the ROMP synthesis yields predominantly the cis isomer of the RCOT polymers,
all of the voltammetry described above was performed on films having a predominantly-trans
configuration. In this section, we describe the electrochemistry and spectroscopy of the as-
synthesized, predominantly-cis poly-RCOT materials.

Figure 6 displays typical cyclic voltammetric data for a predominantly-cis poly-sec-
butylCOT film. On the first positive-going potential sweep, a new anodic wave appeared. This
wave was located at more positive potentials than the reversible oxidative doping process of the
predominantly-frans film. The first potential sweep in the negative direction yielded similar
behavior, except that the new cathodic wave appeared at more negative potentials than the
reversible cathodic doping process. Regardless of the initial scan direction, the voltammetry after
this first potential sweep was identical to that observed for predominantly-trans poly-sec-
butylCOT. This strongly suggests that cis-trans isomerization can be induced through either
reduction or oxidation of the as-prepared, predominantly-cis RCOT polymers. An analogous
doping-induced cis-trans isomerization has been observed in the chemical and electrochemical
doping of polyacetylene.47:48

To provide support for this hypothesis, the electronic spectra of poly-RCOT films were
obtained during the initial voltammetric cycles. Prior to electrochemistry, films of predominantly-
cis poly-(CH3)3SiCOT displayed Amax=380 nm. However, after a single voltage cycle (at 20
mV/sec) from 0.0 V to +0.8 V and back to 0.0 V, these films exhibited Amax at 540 nm.
Alternatively, the same spectrum, with Amax=540 nm, could be produced by a single voltage cycle
from -0.4 V to -1.7 V and back to -0.4 V (at 20 mV/sec). Predominantly-cis poly-sec-butylCOT
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behaved similarly, with a single positive or negative voltage sweep producing a change in the
visible absorption spectrum of the film. Again the initial spectrum was characteristic of the
predominantly-cis polymer (Amax=352 nm), and the final spectrum was characteristic of the
predominantly-trans polymer (Amax= 550 nm). These spectral changes are similar to those
observed during the thermal or photochemical cis-trans isomerization of poly-RCOT solutions.
The spectroelectrochemical data are thus fully consistent with the proposed, electrochemically-
induced, cis-trans isomerization process.

The anodic isomerization of predominantly-cis poly-sec-butylCOT was also investigated
with coulometry. Even though the polymer isomerized during oxidation, the amount of charge
passed in the first positive voltage sweep was within 10% of the charge passed on the subsequent
sweep. For example, in Figure 6, the first positive-going sweep between 0.2 V and 0.8 V
produced a total anodic charge of 5.02x104 coulombs. The second positive-going voltage sweep
of this same electrode, over the same potential range, displayed an oxidation wave that was
characteristic of the predominantly-trans polymer. This second voltage scan contained a total
anodic charge of 4.50x10 coulombs. Thus, the amount of charge required to isomerize and dope
a predominantly-cis poly-RCOT film was nearly equivalent to the charge required to dope the
resulting predominantly-trans polymer.

Some voltammetric experiments were also performed with partially oxidized,
predominantly-cis poly-RCOT films. These experiments were dezigned to test whether the cis-
trans isomerization of these long chain polyenes was an electrocatalytic process. To perform this
experiment, two glassy carbon electrodes were coated with nominally identical amounts of
predominantly-cis poly-sec-butylCOT. One electrode was used to determine the anodic charge
passed during isomerization and doping of the film (Figure 7). For the other electrode, the initial
potential sweep was reversed when only 22% of the expected anodic charge had passed. A second
positive-going voltage sweep on this electrode then displayed a distinct oxidation peak for the
predominantly-trans poly-sec-butylCOT (Figure 7). This peak contained only 27% of the charge
expected from the fully isomerized, predominantly-frans film. This result indicated that the
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electrochemical isomerization was not electrocatalytic. It also indicated that incomplete doping of
the predominantly-cis film resulted in incomplete isomerization to the predominantly-trans
polymer.

I hemi -
1. Voltammetry of Polymer Solutions

Voltammetric studies of poly-RCOT solutions were limited to poly-sec-butylCOT and poly-
(CH3)3SiCOT. In CH3CN, only these twotrans-poly-RCOTs yielded voltammetric signals above
background. Solutions of these two polymers also readily passed material through a filtration
membrane with a pore size of 0.45 um. Other poly-RCOT materials were soluble in their
predominantly-cis configuration, but aggregated after isomerization to the predominantly-trans
configuration. The deep blue solutions of these aggregates appeared to be homogeneous to the
naked eye, but the polymers did not pass through a filtration membrane with a pore size of 0.45
um. Furthermore, the filtered solutions yielded no voltammetric response above background for
-2.0 VK E < +1.0 V. Thus, only poly-sec-butylCOT and poly-(CH3)3SiCOT provided truly
soluble, electroactive polymers.

As displayed in Figure 8, the cyclic voltammetry of CH,Cly-0.1 M TBABF;-
predominantly-frans poly-sec-butylCOT solutions exhibited no obvious current peaks. In
particular, the reverse voltage sweep produced small return waves, especially for the reductive
charging/discharging process. Similar behavior was observed for solutions of predominantly-rrans
poly-(CH3)3SiCOT. In these solutions, no return wave was observed for this polymer after either
oxidative or reductive doping. In both polymer solutions, no polymeric deposits could be seen
visually on the Pt electrode. Additionally, after use in the polymer solutions, these Pt electrodes
exhibited no voltammetric peaks in polymer-free CHCly-0.1 M TBABF;4 solutions.

The voltammetry of these polymer solutions was also investigated using microelectrodes.
This method yielded minimal interference from double layer capacitive currents, and also
minimized the effects of time-dependent diffusional processes. At a microelectrode, the oxidaton

of predominantly-trans poly-sec-butylCOT showed a continuing increase in current during a
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positive-going voltage scan (Figure 9). The reductive doping process of this polymer also did not
t;xhibit a well-defined limiting current value. The shape of these voltammetric waves suggested
that there was an onset potential for faradaic electrochemistry of the polymer, but that the
electrochemistry was spread over a large range of potentials. This behavior was not ascribable to
irreversible adsorption of the polymer, because subsequent voltammetric examination of the
electrode in CH2Cl2-0.1 M TBABF; solutions yielded no signals above background levels.
Similar broad and featureless steady state voltammograms have been observed previously for
redox polymers with multiple, highly interacting, redox sites.4%-5! A comparison of Figures 1 and
9 clearly indicates that the voltammetry of dissolved poly-sec-butylCOT and poly-(CH3)3SiCOT is
strikingly different from the reversible, well-defined electrochemical behavior exhibited by films of
these polymers.

2. Electrodeposition of poly-sec-butylCOT from THF Solutions

Under specific conditions of solvent and electrolyte, thin films of poly-sec-butylCOT could
be electrochemically deposited onto electrode surfaces. When predominantly-trans poly-sec-
butylCOT was oxidized in THF-0.1 M TBABF4 (0.5 mg polymer/mL THF), the cathodic retumn
wave indicated that an electroactive material had been deposited onto the electrode. As displayed in
Figure 10a, the cathodic peak current obtained under these conditions increased with successive
cycling. The reduction of predominantly-trans poly-sec-butylCOT in CH,Cly-0.1 M TEABF,
produced a similar electrodeposition wave. In both cases, sustained electrochemical cycling
produced a thin film of poly-sec-butylCOT on the electrode surface.

Even in its neutral form, the electrochemically-deposited predominantly-trans poly-sec-
butylCOT film could not be washed away in pure THF. This may result from a small amount of
crosslinking during the electrodeposition process. This is not unexpected in view of the losses in
charging capacity that were observed during repetitive cycling of the polymer films. The persistent
electroactivity of the deposited film indicated that if crosslinking did occur, it was not sufficient to
preclude facile ionic transport through the polymer layer.
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Electrodeposited poly-sec-butylCOT films exhibited reversible oxidative and reductive
doping waves in CH3CN-0.1 M TBABF4 (Figure 10b). However, the separation between the
anodic and cathodic peaks for the oxidative charge/discharge process was extremely small, with
Epa-Epc generally less than 50 mV. Nevertheless, the redox potentials for the electrodeposited film
were the same as those of cast poly-sec-butylCOT films.

Attémpts to electrodeposit thick polymer films (> 1 um) were unsuccessful. For example,
the current diminished with time when a constant potential (between 0.45 V and 0.60 V) was
maintained in unstirred THF-poly-sec-butylCOT solutions. Although this did result in deposition
of polymer onto the electrode surface, the films were not uniform in thickness. Additionally, films
thicker than 1 um could not even be produced at a platinum rotating disc electrode (RDE). In this
experiment, coulometry (of the discharge wave for the oxidative doping process) at an RDE held at
+0.5 V indicated that the film thickness actually diminished with increased rotation rate. Poly-
(CHj3)3SiCOT films could not be electrodeposited under any conditions that were explored in this
work.

The permeation properties of the thin electrodeposited films were briefly investigated
through a few qualitative electrochemical experiments. Glassy carbon electrodes that had been
coated with electrodeposited, =400£100 nm thick, poly-sec-butylCOT films yielded the same peak
current and peak potentials for (CH3CO)Fc*/ in CH3CN as were observed on a bare glassy
carbon electrode. Such behavior is expected because the acetylferrocene*/0 redox couple is located
at potentials for which the poly-sec-butylCOT film is electrically conductive. In contrast, glassy
carbon/poly-sec-butylCOT electrodes yielded negligible currents for the reduction of benzoquinone
to the benzoquinone radical anion. This behavior is expected for a polymer film that was free of
gross defects and pinholes, because the benzoquinone?- redox potential occurs in a range where

poly-sec-butylCOT films are neutral, and therefore are electrically insulating.
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IV. DISCUSSION
A i n the Dopin i njugation Len Poly- T
Materials

The polymerization of substituted cyclooctatetraenes (RCOT) yields unique polyacetylene
derivatives. These polymers bear, on the average, one substituent group for every eight carbon
atoms in the polymer backbone, but the materials otherwise resemble polyacetylene in
stoichiometry. In fact, polyacetylene and the poly-RCOTs share several interesting physical and
electronic properties. For example, both types of polymers exhibit chemically reversible n-type
and p-type doping processes, show mid-gap states in the doped films, and undergo cis-trans
isomerization through doping.

However, unlike polyacetylene, the properties of the poly-RCOTSs can be manipulated
synthetically. For example, proper choice of the substituent group can yield RCOT polymers that
are soluble and are also electrically conductive after doping. In addition, the remarkably sharp and
well-defined voltammetric charge/discharge waves of poly-RCOT films253 allow reliable
estimates of the thermodynamics for polymer doping.

One of the main goals of our work was to investigate the steric and electronic perturbations
possible within the polyRCOT series. The chain twisting of RCOT polymers is primarily
determined by the steric bulk of the substituent group; thus, the electronic and electrochemical
properties of poly-RCOT films should be strongly influenced by the steric demands of the
substituent. This expectation was confirmed by the data for the butyl-substituted poly-RCOTSs: as
the steric bulk at the point of attachment to the polymer chain increased, the effective conjugation
length decreased (R=n-butyl, Amax=614 nm; R=sec-butyl, Amax=556 nm; R=tert-butyl, Ayax=432
nm). The separation between E%’ox and E®'q also followed this same trend (Table 1), further
confirming the importance of steric effects in these polymers.54.35

Inductive effects were also significant in the poly-RCOT materials. Poly-tert-butoxyCOT
clearly showed an inductive donor substituent effect, because it was more easily oxidized than

poly-n-butylCOT. Within the series of RCOT polymers with para-substituted phenyl substituents.
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the steric bulk of the p-X-phenyl substituent is constant, so inductive effects should dominate the
observed electrochemical and spectroscopic behavior. Consistently, poly-p-CF3-phenylCOT was
0.05 V easier to reduce and 0.04 V more difficult to oxidize than was poly-phenylCOT, and poly
p-CH30-phenyl COT was easier to oxidize and more difficult to reduce than poly-phenylCOT.

Surprisingly, the fert-butoxyCOT polymer was also more easily reduced than poly-n-
butylCOT. In fact, poly-tert-butoxyCOT displayed the smallest separation between E%,x and
EO'reg of all the poly-RCOT materials studied in this work. An analogous lowering of the band gap
has been observed for polythiophenes after substitution with alkoxy groups,>67 although the
origin of this effect is not well understood.

The optical and electrochemical data can be used together to elucidate some of the more
subtle features of the polyRCOT materials. For example, the optical data indicate that poly-
(CH3)3SiCOT has a bulkiness near to the chain that is more similar to poly-sec-butylCOT than to
poly-tert-butylCOT. This is consistent with expectations that the C-Si bond is longer than the C-C
bond. Despite the similar optical transition energies for these films, the electrochemical data
indicate that E%'5x and E9'req for poly-(CH3)3SiCOT were shifted significantly positive of E°'x
and EY'req for poly-sec-butylCOT. This difference, which cannot be gleaned from the optical data,
can be ascribed to the more electropositive nature’8-59 of the (CH3)3Si substituent relative to the
sec-butyl group.

Although there was a clear variation in redox potentials for the poly-RCOT series, it is
useful to put these shifts in perspective with respect to redox shifts that have been observed for
other conducting polymers. Specifically, the magnitude of the shifts observed for the poly-RCOT
series is small when compared to the substituent effects that have been reported for the 3-
substituted thiophene polymers. For example, poly-3-methoxythiophene is more easily oxidized
than polythiophene by 0.5 V, 17 and polythiophene is more easily oxidized than poly-3-
bromothiophene by 0.25 V.1¢ However, comparisons between different types of conjugated

polymers must take into account the relative population of the substituent groups on the polymer
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chain, and also must consider differences in electronic structure such as delocalization length and
bandwidth.

Both optical and electrochemical data indicate that poly-zers-butylCOT is significantly less
conducting than other poly-RCOTs studied to date. The previous observation?’-34 that poly-tert-
butylCOT displays neither a weight uptake, nor an increase of electronic conductivity upon
exposure to iodine vapor, is understandable in view of the voltammetric results reported herein.
For poly-tert-butylCOT the oxidation potential is shifted to more positive values than that of poly-
n-butylCOT or poly-(CH3)3SiCOT, diminishing the driving force for oxidation of poly-tert-
butylCOT by I»(g). Additionally, the irreversibility of the oxidation wave in this system indicates
that if a more powerful chemical oxidant were used to oxidize the poly-tert-butylCOT film,
persistent charge carriers would not be formed. The origin of this chemical instability is not
obvious, since poly-sec-butylCOT and poly-n-butylCOT films are stable in the potential range in

which poly-tert-butylCOT is irreversibly oxidized.

The doping stoichiometry is one of the most desired, yet experimentally elusive properties
of conducting polymer films. The difficulty is that as such films are doped, the total conductive
area of a polymer-coated electrode increases, and therefore the total electrode capacitance increases.
This problem has attracted much debate in the literature,3942 but many agree that for such systems
the faradaic charge cannot be extracted from the voltammetric data alone.

However, for poly-RCOT films, the sharp, well-defined voltammetry strongly suggests
that a discrete amount of faradaic charge flows in a relatively narrow potential range. The
spectroelectrochemical data for these films (section III.A.4) lends support to this interpretation.
Under such conditions, the faradaic charge can be reliably estimated from the voltammetry. As
described above, a straightforward analysis of the data yields a ratio of =14-15 (C=C)/e for both
anodic and cathodic doping.

A check on the validity of this method can be obtained if other, independent determinations
of the polymer doping stoichiometry are available. For most poly-RCOT materials, the chain-
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carbon to iodine ratio obtained from I weight uptake measurements is 0.11, implying a ratio of 28
chain carbons (i.e., 14 double bonds) per I3- counterion. Our estimate from the electrochemical
data is in excellent agreement with this value.

The poly-RCOT films also exhibited a discrete second oxidation process. The presence of
a discrete second oxidation wave suggests that oxidation beyond the reversible couple for these
films occurs as a discrete second step, rather than occurring throughout the plateau region. This
chemically irreversible oxidation resulted in a total loss of electroactivity of the polymer film. This
"overdoping" possibly produced a gross crosslinking of the polyene segments, resulting in a loss
of conjugation in the film. As precedent for this type of reactivity, unsubstituted polyacetylene
exhibits a similar, irreversible secondary oxidation step.61-63

Even if the over-oxidation region was avoided, the charge capacity of all poly-RCOT films
declined significantly after long term potential cycling. Such effects have been commonly
observed in the voltammetry of conducting polymer films.% This behavior is generally ascribed to
charge trapping, although it might also result from chemical instability of the doped films in
CH3CN-[(n-alkyl)4N]J*{BF4])-. We note, however, that the peak potentials, and thus the electronic
structure of the bulk poly-RCOT films, remained constant during the loss of charge capacity.

The secondary oxidation potential is relevant to some previously unexplained observations
of poly-RCOT doping. For nearly all poly-RCOT films, chemical doping with I>(g) produces a
dramatic increase in electronic conductivity (from <10-8 S/cm for the neutral films, to 10-10-2 S/cm
for I3(g) doped films). This is consistent with the electrochemical data, because I>(g) is capable of
effecting reversible oxidative doping but is not a strong enough oxidant to promote the destructive
over-oxidation step. For poly-tert-butoxyCOT, however, Ix(g) is thermodynamically capable of
effecting both the reversible doping step and the irreversible over-oxidation process. Thus, the
observation that iodine doping does not result in high conductivity for poly-ters-butoxyCOT,
despite a large weight uptake of I2(g),?’ is nicely explained by the voltammetry.
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. Voltammetry in Soluti

Although poly-RCOT films yielded well-defined electrochemical behavior, poly-
RCOT/THEF solutions yielded poorly defined voltammetry. In fact, such solutions displayed a
relatively sharp current onset but never yielded a well-defined limiting current. In solution, the
solvated polymer chain can maintain a greater degree of conformational and rotational freedom than
in the solid state. The dissolved polymer therefore represents a complex redox system containing
multiple, highly coupled redox sites. In such systems, cyclic voltammetry is generally not very
informative,’® and such was the case in our study as well.

A comparison to the voltammetric behavior of trans-f-carotene is instructive to understand
this behavior. This well-defined 11-ene undergoes a reversible 2-electron oxidation at 0.74 V vs.
SCE in CH,Cly, although the resulting dication is known to have a short half-life.6566 Under the
same conditions thattrans-p-carotene displayed a reversible 2-electron wave, poly-sec-butylCOT
and poly-(CH3)3SiCOT produced the irreversible and broad voltammograms of Figure 8.
Therefore, carotene was more difficult to oxidize than these conjugated polymers. However, since
trans-B-carotene exhibits an oxidation level of 5.5 (C=C)/e", by analogy, larger polyenes in
solution should also display at least this degree of oxidation.

Quantitative information regarding the polymer oxidation level is potentially contained in
the steady state current, igg, obtained in a microelectrode experiment:

igs = 4nFDCr D),
with F = 96485 coulombs/equiv, D = diffusion coefficient (cm?/sec), C = concentration
(equiv/cm3), and r= microelectrode radius (cm). However, this method requires an accurate
estimate of D. Unfortunately, the nonideal redox response of the dissolved poly-RCOTs preciuded
areliable electrochemical determination of D. In addition, constant potential bulk electrolysis
experiments were ambiguous, because homogeneous reactions destroyed the oxidized polyene
chromophore even at relatively low conversion. However, if poly-sec-butylCOT in solution
(Figure 9) is assumed to undergo oxidation to the same extent as trans-B-carotene (5.5 (C=C)/e-).

then equation (1) yields D= 6.7x10-7 cm?/sec for poly-séc-butleOT. Since this is a reasonable
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value for a random coil polymer in a good solvent, the comparison between trans-p-carotene and
substituted COT polymers in solution may in fact be appropriate. A more precise evaluation of this
comparison will, however, only be available when accurate diffusion coefficients can be
determined through light scattering experiments or other experimental methods.
- T i i P len

In general, there are enough similarities in the optical spectra, electrochemical behavior, and
other physical properties that poly-RCOT materials can be considered close approximations to
polyacetylene. However, the ability to vary chemically the substituent group in the poly-RCOTs
increases the potential significance of this class of materials. In this work, we have exploited some
of this synthetic capability to effect desired changes in the solubility and electrochemical properties
of these polymers.

The widespread need for processible conducting polymers has hastened the synthesis of a
large number of substituted conjugated polymers. In many cases, such as in the family of 3-
substituted thiophenes, the substituent group solubilizes the polymer without causing major losses
in conductivity. However, soluble, highly conductive polyacetylenes cannot generally be prepared
using this approach.87-%% Typically, materials obtained from the polymerization of substituted
acetylenes do not possess the conjugation lengths required to support mobile charge carriers.
These short conjugation lengths are a consequence of the steric demands of the bulky substituent
groups, which probably induce a twisting in the polyene n-backbone and inhibit effective n-
overlap. For this reason, efforts to solubilize polyacetylene have taken other approaches, such as
the use of soluble prepolymers that can be converted to polyacetylene in a single, high yield
step.%7! An alternative strategy has been to solubilize polyacetylene segments using block and
graft copolymers.’2-7 However, these materials also lack many of the desired physical properties
of soluble conducting polymer phases.

Notably, the transition metal catalyzed ROMP of substituted cyclooctatetraene derivatives
provides a liquid phase route to polyacetylene-like materials. As shown herein, the solubility and

electronic properties of these polymers can be altered by the selection of various substituent
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groups. Despite the increased synthetic flexibility or this route, there is still a need to incorporate
additional functionality onto the polyacetylene backbone. For example, of the polymers listed in
Table 1, only poly-sec-butylCOT, poly-(CH3)3SiCOT, and poly-tert-butylCOT were truly soluble
in the predominantly-trans configuration. Other poly-RCOT materials were soluble immediately
after synthesis, however, they spontaneously isomerized to the thermodynamically stable form and
then formed aggregates. Thus, these materials could only be studied reproducibly as thin films.
The variation of the substituent group is presently constrained by the existing ROMP catalysts, but
this limitation may soon be surmounted by the availability of newer, more selective catalysts. This
should allow the incorporation of even more diverse functionality, and should allow exploitation of
this class of conducting polymers in an even wider range of chemical, physical, and
electrochemical applications.
V. CONCLUSIONS

The ROMP of substituted COT monomers results in a family of high molecular weight
substituted polyenes. These materials have many similarities to polyacetylene, including the
presence of reversible redox processes for oxidative and reductive doping, the formation of mid-
gap transitions in doped films, and the presence of facile, electrochemically induced cis-trans
isomerization processes. However, the ability to vary the substituent group in the poly-RCOTs
increases the potential significance of this class of materials. The substituent group exerts a
significant influence on the electronic and electrochemical properties of these materials;
furthermore, we have found that such effects can generally be predicted from the steric and
electronic properties of the substituent group. This provides an impetus for the synthesis of RCOT
polymers that are substituted with more strongly perturbing polar groups, and establishes a
benchmark for future improvements in this class of polyenes.
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Scheme 1. The ROMP synthesis of poly-RCOTs (R = alkyl, p-X-phenyl, t-butoxy,
(CHj,4),Si) from cyclooctatetraene derivatives, using a well-defined tungsten
alkylidene metathesis catalyst (R;O = OC(CF;),CHj;, Ar = o-methoxyphenyl).
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TABLE 1. Potentials for Oxidation and Reduction of poly-RCOT Films.

' ' ' : Amax(nm)
poly-RCOT Eo oxf E® red® | Eoox-Eored | solution?
n-butyl 0.39 -1.39 1.78 6154
sec-butyl 0.42 -1.38 1.80 556
tert-butyl |  0.58¢ -1.56 2.14 432

tert-butoxy 0.30 :
trimethylsilyl 0.52 -1.27 1.79 540
p-CH30-Ph 0.44 -1.33 1.77 >6004
Ph 0.45 -1.24 1.69 =6204
p-CF3-Ph 0.49 -1.19 1.68 >6004

4Potential+0.005 V vs. SCE, determined as: ((Epa+Epc)/2) from voltammograms of
polymer films on a glassy carbon electrode in H3(§:I-0.1 M TMABF4. In each case,
Epa-Epc was <100mV. E®ox refers to the formal potential for the oxidative doping
process of the neutral polymer film, while E'req refers to the reductive doping
process of the neutral film. bSpectra measured in THF solution, taken from
reference 27. ¢This is the potential of the maximum anodic current in the
irreversible oxidation of the polymer film. 4Solutions of these polymers were not
homogeneous (see text).

TABLE 2. Energy of Absorbance Maxima For Neutral and

Doped Polymer Films.
polymer neutral (eV) | oxidized (eV)] reduced (eV)
poly-(CH3)3SiCOT 23 0.88-0.96 0.9-1.0
poly-sec-butylCOT 23 0.80-0.90 0.81-0.87
polyacetylene4 2.0 0.65-0.75 0.65-0.75

aFrom Reference 33.
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FIGURE CAPTIONS

Figure 1. Cyclic voltammogram (20 mV/sec) of a poly-sec-butylCOT film (4.7x10-6 g) on a
glassy carbon electrode (0.24 cm? area) in CH3CN-0.1 M TMABF;. Arrowhead indicates inital
scan direction.

Figure 2. Current vs. potential (thick line, left ordinate) and charge vs. potential (thin line, right
ordinate) voltammograms at 20 mV/sec for a poly-sec-butylCOT film (1.9x10-6 g) on a glassy
carbon electrode (0.24 cm2 area) in CH3CN-0.1 M TMABF4. The dashed line shows the
calculated faradaic charge vs. potential (see text).

Figure 3. Cyclic voltammogram (20 mV/sec) of a poly-sec-butylCOT film (1.9x10-6 g) on a
glassy carbon electrode (0.24 cm? area) in CH3CN-0.1 M TMABF,4. Arrowhead indicates inital
scan direction. The second cycle shows the loss of electroactivity resulting from scanning through
the second oxidation wave.

Figure 4, Visible-near-IR spectra of a poly-sec-butylCOT film on an InyO;3 electrode coated onto
a glass slide. Solid line: neutral film, dashed line: oxidized film, dotted line: reduced film. The
spectroelectrochemistry was performed in CH3CN-0.1 M TEABF;. In several independent
experiments, neutral poly-COT films showed no absorbance in the near infrared region of the
spectrum.

Figure 5. Visible spectra of a poly-sec-butylCOT film during incremental oxidation from 0.30 V
to 0.54 V in CH3CN-0.1 M TBABFj4. The first and last steps were each 60 mV, and all other
steps were 30 mV. The spectra were collected using an InpO3 electrode that had been coated onto a
glass slide.

Figure 6. Cyclic voltammetry (50 mV/sec) of a predominantly-cis configuration poly-sec-
butylCOT film (1.3x10-6 ) on a glassy carbon electrode (0.24 cm? area) in CH3CN-0.1 M
TBABF4. Arrowhead indicates scan direction on the initial sweep. The first oxidation sweep
consumed 5.0x10- coulombs of charge, while the second oxidation sweep consumed 4.5x104
coulombs.
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Figure 7. TOP: Cyclic voltammogram (50 mV/sec) of predominantly-cis configuration poly-
sec-butylCOT film (1.0x10-6 g) on a glassy carbon electrode (0.24 cm? area) in CH3CN-0.1 M
TBABF,4. Arrowhead indicates scan direction on the initial sweep. The first oxidation sweep to
+780 mV (resulting in isomerization) consumned 3.9x10~4 coulombs of charge, and the second
oxidation sweep to +530 mV consumed 2.4x10-4 coulombs . BOTTOM: Cyclic voltammogram
(50 mV/sec) of an equivalent predominantly-cis configuration poly-sec-butylCOT film (1.0x10-6
g). The first oxidation sweep to +580 mV (resulting in incomplete isomerization) consumed
8.5x10"3 coulombs . The second oxidation sweep to +530 mV consumed 6.7x10-3 coulombs .
Figure 8. Cyclic voltammetry (20 mV/sec) of a poly-sec-butylCOT (0.5 mg/ml) solution in
CH»Cl»-0.1 M TBABF;4. The voltammetry was performed using a platinum electrode with an
area of 0.026 cm2,

Figure 9. Microelectrode voltammetry (20 mV/sec) of a poly-sec-butylCOT (0.3 mg/ml) solution
in CHCl;-0.1 M TBABF4. The voltammetry was performed using a platinum microelectrode
with a radius of 4.23 um.

Figure 10. TOP: Cyclic voltammogram (50 mV/sec) of a poly-sec-butylCOT (0.5 mg/ml)
solution in THF-Q.1 M TBABF; at a glassy carbon electrode (0.24 cm? area). Arrowhead
indicates direction of the first sweep. BOTTOM: Cyclic voltammogram (50 mV/sec) of the
resulting polymer modified electrode in CH3CN-0.1 M TBABF;,.
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